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Acoustic  stabilization  of  combustion  in  a  dump  configuration  results  in  completion  of  combustion  in  a 
relatively  short  residence  time  with  simultaneously  low  emissions  of  oxides  of  nitrogen,  carbon  monoxide, 
and  hydrocarbons.  Acoustically  stabilized  combustion  is  also  a  potential  means  for  achieving  closed-loop 
active  control  of  combustion.  Therefore,  a  promising  burner  configuration  identified  through  laboratory 
bench-top  experiments  was  developed  and  scaled  up  for  application  as  an  afterburner  for  a  starved-air 
incinerator  with  the  objective  of  providing  a  compact  device  capable  of  achieving  pollutant  emissions 
performance  better  than  required  by  current  International  Maritime  Organization  regulations.  In  the 
absence  of  established  scaling  criteria,  factors  governing  vortex  generation  and  jet  mixing  theory  were 
examined.  These  provided  useful  guidelines  for  burner  design  as  the  dump  combustor  was  successively 
scaled  up  from  a  4.75  kW  laboratory  experiment  to  a  nominal  700  kW  unit  tested  on  a  starved-air  incin¬ 
erator.  Key  parameters  considered  were  the  central  air  jet  velocity,  jet  diameter  (and  area)  acoustic  driving 
frequency,  and  characteristic  jet  mixing  time.  Burner  performance  was  maintained  or  improved  as  both 
jet  velocity  and  jet  area  were  increased  approximately  as  the  square  root  of  burner  scale.  This  resulted  in 
increases  in  the  acoustic  driving  frequency  and  burner  pressure  drop  with  scale,  which  have  implications 
for  development  of  even  larger  burners  using  this  technology. 

Initial  development  was  conducted  using  simulated  low-Btu  gas  mixtures  at  ambient  temperature.  Ap¬ 
plication  as  an  afterburner  required  hardware  modifications  to  accommodate  higher  gas  volumes  at  higher 
temperatures.  Despite  significant  changes  in  burner  geometry,  coherent  vortex  generation  was  established 
by  acoustic  excitation  and  continued  to  effect  reductions  in  NOr  and  CO  emissions.  The  higher  combustion 
temperatures  encountered  with  hot  simulated  and  real  pyrolysis  products  led  to  higher  CO  and  NO,, 
emissions,  but  emission  performance  continued  to  exceed  applicable  regulatory  guidelines  by  a  substantial 
margin. 


Introduction 

An  acoustically  stabilized  vortex  burner  was  de¬ 
veloped  as  part  of  a  program  focusing  on  high  firing 
density,  wide  flammability  limits,  and  stable  com¬ 
bustion  [1],  An  acoustic  signal  was  used  to  force  a 
central  combustion  air  jet  entering  a  dump  combus¬ 
tor  in  order  to  trip  the  periodic  formation  of  coher¬ 
ent  annular  vortices  and  enhance  the  jet  mixing  rate 
[2,3],  A  fuel  stream  was  introduced  annularly  around 
the  central  air  jet.  Burner  performance  was  studied 
using  visualization,  gas  sampling,  and  pneumoacous¬ 
tic  measurements  [4],  Laboratory  tests  were  con¬ 
ducted  with  4.75  and  47  kW  burners.  The  burner 
was  then  successively  scaled  up  to  a  nominal  700  kW 
and  tested  as  an  afterburner  for  a  starved-air  primary 
waste  incinerator. 

Background 

In  the  classic  dump  combustor,  flame  stability  is 
achieved  through  backmixing  of  hot  combustion 


products  into  the  shear  layer  of  the  jet.  Mixing  with 
the  entrained  products  is  enhanced  by  the  formation 
of  annular  vortices  surrounding  the  central  jet  at  the 
dump  plane.  These  vortices  are  produced  at  an  av¬ 
erage  rate  described  by  the  expression 

/  =  St  X  ^  (1) 

where  f  is  the  preferred  frequency  of  the  jet:  St  is 
the  preferred  Strouhal  number,  with  a  typical  range 
of  0.25  to  0.5  [5];  Ue  is  the  jet  exit  velocity;  and  d;  is 
the  jet  diameter. 

The  significance  of  equation  1  is  illustrated  by  Fig. 
1  where  the  unforced  curve  shows  the  power  spec¬ 
trum  of  the  central  air  jet  velocity  in  a  47  kW  acoustic 
burner  measured  by  hot  wire  anemometry.  The  max¬ 
imum  of  this  curve  corresponds  to  the  preferred  fre¬ 
quency  of  vortex  formation.  Acoustic  excitation  of 
the  jet  at  this  frequency  produced  the  forced  curve 
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Fig.  1 .  Measurements  of  the  power  spectrum  of  the  cen¬ 
tral  air  jet’s  root  mean  square  velocity  in  a  47  kW  dump 
combustor  under  forced  and  unforced  operation. 


Entrained  Fuel 


Fig.  2.  Illustration  of  the  4.75  kW  acoustic  burner  firing 
into  a  dump  combustor.  The  burner  is  equipped  with  an 
acoustically  forced  central  air  jet  and  both  forced  and  en¬ 
trained  fuel  injection  annuli.  Essentially  equivalent  designs 
were  used  for  the  47  kW  and  330  kW  burner. 


in  which  the  majority  of  the  energy  at  non-preferred 
frequencies  has  vanished.  Under  these  conditions, 
mixing  of  the  jet  with  the  surroundings  is  caused  not 
by  momentum  effects  (Reynolds  number),  but 
rather  by  shear  in  the  acoustically  induced  coherent 
vortex.  A  compact  high-firing-density  combustor  was 
developed  around  the  enhanced  mixing  of  these 
large-scale  vortical  structures  [6-8],  which  enable 
the  external  mixing  of  fuel  and  air  while  producing 
a  flame  with  visual  and  pollutant  emissions  charac¬ 
teristics  similar  to  premixed  flames. 

Laboratory-Scale  Development 

Features  of  the  4.75  kW  acoustically  stabilized 
vortex  burner  are  illustrated  in  Fig.  2.  Details  are 


discussed  later.  Composite  planar  laser-induced  fluo¬ 
rescence  in-flame  mapping  of  the  near-field  (50  mm) 
mixing  between  the  central  air  jet  and  fuel  [9] 
showed  that  fuel  rolls  up  into  the  vortex  between  the 
air  and  the  entrained  hot  combustion  products.  Ig¬ 
nition  of  the  combustible  mixture  is  delayed  due  to 
high  local  strain  rate  [10,11]  until  substantial  mixing 
of  the  three  gases  has  occurred,  leaving  a  lifted  flame 
with  no  evidence  of  diffusion  flame  character.  Com¬ 
bustion  was  essentially  complete  within  400  ms. 

The  scale-up  of  this  burner  required  the  devel¬ 
opment  of  scaling  criteria.  To  begin  this  develop¬ 
ment,  a  scale  factor  S  was  defined  as 


Q_ 

Q 


where  Q  is  the  central  air  jet  volumetric  flow  rate  at 
4.75  kW,  and  the  prime  indicates  properties  at  a 
given  scale. 

Jet  velocity  Ue  and  jet  area  Aj  are  related  to  Q  by 
Q  =  Ue  X  Aj  where 


A  =  -  d2 
Aj  4  di 


From  this,  the  following  relationships  are  derived: 


o  =  u  "d2  S  =  L 
9  U-4d>’S  U.Jf 


and 


/'  _  St'  U'e  dj 

7  ~  St  Ue 


therefore 


/'  _  s  df 

'  6  c/;3 


/ 


In  traditional  burner  scaling,  a  constant  jet  velocity 
is  often  maintained.  Classical  jet  theory,  however, 
suggests  that  increased  jet  velocity  is  needed  to 
maintain  the  mixing  rate.  The  mixing  rate  can  be 
expressed  in  terms  of  the  jet’s  well-mixed  ratio  Wm 
and  the  Ricou-Spalding  entrainment  equation  as 
follows  [12]: 


I  \  1/2  „ 

Wm  =  c  X  p  X  4  (3) 

\Pjl  dj 

where  c  is  a  measured  constant,  Sx  is  the  character¬ 
istic  well-mixed  jet  length,  Pj  is  the  density  of  the  jet 
fluid,  and  pp  is  the  density  of  the  entrained  fluid. 
Defining  a  characteristic  jet  mixing  time  as 
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T 


(4) 


then,  from  equations  3  and  4, 

1  /  \1/2  / 

t  =  -  X  Win  X  (  — )  X  — i-  (5) 

c  \PV)  Ue 

Assuming  the  Win,  pp  and  pv  are  constant,  r  be¬ 
comes  a  Function  of  dJUe. 

For  a  constant  mixing  time 


t' 

T 


1 


X 


£ 

<?' 


so 


and 


—  §i/3 
dj 


(6) 


Equation  6  is  the  jet  diameter  scaling  criterion  for  a 
constant  jet-mixing  rate  and  for  constant  jet  natural 
frequency.  Jet  velocity  also  scales  by  S1/3  since 


£ 

<? 


K 

u„ 


and 


K  =  £ 

Ue  Q 


S  X  S“2/3 


^  =  S1/3  (7) 

In  summary,  scaling  velocity  by  an  exponential  fac¬ 
tor  below  1/3  results  in  slower  jet  mixing  and  above 
1/3  results  in  faster  jet  mixing. 

While  this  development  explains  possible  conse¬ 
quences  of  any  particular  scaling  criteria,  no  basis  is 
established  for  the  selection  of  scaling  criteria.  How¬ 
ever,  there  exist  practical  issues  that  impact  the 
choice  of  scaling  criteria. 


Inlet  Air  Velocity 

Constant  velocity  scaling  criterion  will,  according 
to  the  Ricou-Spaulding  analysis,  lead  to  a  reduced 
rate  of  jet  mixing  in  the  absence  of  acoustics.  If  con¬ 
stant  jet  mixing  time  is  to  be  maintained,  velocity 
must  increase  with  at  least  the  1/3  power  of  scale. 
However,  at  some  point,  increased  velocity  will  im¬ 
pose  an  unacceptable  level  of  pressure  drop  on  the 
system. 


Jet  Mixing  Time 

Hypotheses  proposed  to  explain  operation  of  the 
burner  suggest  that  enhanced  mixing  is  key  to  emis¬ 
sions  performance  at  the  4.75  kW  scale.  At  a  mini¬ 
mum,  therefore,  it  is  preferred  that  the  characteristic 


mixing  time  not  increase  greatly  and,  if  possible,  stay 
at  least  constant. 


Frequency 

While  acoustics  are  known  to  play  a  key  role  in 
performance,  the  role  of  frequency  is  not  under¬ 
stood.  In  work  conducted  at  the  4.75  kW  scale,  the 
frequency  could  be  varied  by  a  factor  of  two  above 
and  below  the  preferred  mode  before  any  degrada¬ 
tion  of  performance  was  noted.  However,  others  [13] 
have  observed  that  acoustically  induced  improve¬ 
ments  in  combustion  performance  were  reduced  as 
frequencies  increased  toward  800  Hz,  possibly  as  a 
result  of  a  diminished  pressure  amplitude  at  higher 
resonant  frequencies  [14,15].  Itis  also  a  concern  that 
at  very  low  frequencies  the  slow  vortex  shedding  rate 
could  reduce  strain  rate  during  vortex  rollup,  leading 
to  momentum-dominated  mixing  and  premature  ig¬ 
nition. 

Addressing  these  concerns,  scaling  was  conducted 
by  increasing  jet  velocity  and  jet  area  approximately 
equally.  Relating  jet  area  and  velocity  to  flow  rate 
and  substituting  this  into  equation  2, 


_  cl/2 

u„ 


A ' 

/q  _  ci/2 

A 


(8) 

(9) 


=  §!/4 

d) 


(10) 


This  results  in  the  jet  velocity  increasing  at  a  greater 
rate  than  the  jet  diameter  and  drives  changes  in  jet 
characteristics  such  as  natural  resonant  frequency 
and  Ricou-Spaulding  mixing  rate. 

As  scale  increases,  the  jet  Reynolds  number  in¬ 
creases  as  S3/4  and  natural  frequency  as  S1/4  while 
the  characteristic  jet  mixing  time  decreases  as 
S“1/4. 


Overview  of  Scaling  Efforts 

Four  distinct  burner  sizes  were  tested  at  nominal 
scale  factors  of  1,  10,  100,  and  150  using  the  4.75 
kW  burner  as  the  reference  scale.  Table  1  provides 
details  of  the  different  burners  tested.  Table  1  also 
shows  how  the  actual  combustor  size  and  gas  resi¬ 
dence  time  changed  with  scale.  The  4.75,  47,  and 
330  kW  burners  were  essentially  identical,  having 
the  features  illustrated  in  Fig.  2.  The  size  of  the  an¬ 
nular  fuel  injection  nozzle  was  chosen  so  that  the 
axial  component  of  the  fuel  velocity  roughly  matched 
that  of  the  central  air  jet. 

The  47  kW  burner  had  a  central  air  jet  velocity  of 
10.3  m/s  issuing  from  a  38.4  mm  diameter  nozzle. 
The  natural  jet  frequency,  corresponding  to  a  Strou- 
hal  number  of  0.41,  is  120  Hz.  The  burner  fired  into 
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TABLE  1 

Summary  of  burner  scales  and  scaling  parameters  for  the  acoustic  burner  development  program 


Scale  Factor3 

i 

10 

82 

96 

147 

Total  heat  input  (kW) 

4.75 

47 

330 

510 

700 

Fuel  heat  inputb  (kW) 

4.75 

47 

330 

315 

450 

Jet  air  flow  (m3/h) 

4.52 

42.9 

369 

432 

663 

Jet  diameter  (mm) 

22 

38.4 

66.0 

71.4 

81.8 

Jet  velocity  (m/s) 

3.3 

10.3 

30.0 

30.0 

35.0 

Design  jet  velocity  (m/s) 

3.3 

10.2 

30.2 

32.7 

40.5 

Actual  exponential  scaling  factors: 

for  diameter0 

— 

0.247 

0.249 

0.258 

0.263 

for  velocity1 

— 

0.505 

0.501 

0.484 

0.474 

Combustor  characteristics: 

Diameter  (mm) 

120 

178 

584 

356 

345 

Length  (mm) 

420 

534 

1000 

1067 

1370 

Residence  time  (ms) 

-500 

-150 

-300 

86 

68 

Note:  The  actual  exponential  scaling  factors  for  jet  diameter  and  velocity  closely  match  the  design  scaling  criteria  where 
jet  area  and  velocity  are  scaled  proportionally  by  the  exponential  factor  of  0.5. 

“Scaling  factor  based  on  jet  airflow. 
bExeludes  sensible  heat  for  hot  pyrolyzed  gases. 
cThe  selected  scaling  criteria  exponential  factor  is  0.25. 
dThe  selected  scaling  criteria  exponential  factor  is  0.50. 


Fig.  3.  Illustration  of  the  510  kW  burner  designed  for 
afterburner  operation. 

a  sudden  expansion  chamber  of  178  mm  diameter 
and  550  mm  length. 

Nominal  330  kW  System 

Cold  fuel  tests  were  conducted  on  a  nearly  full- 
scale  afterburner  that  operated  nominally  at  330  kW. 
These  tests  were  conducted  with  a  fuel  comprised 
of  ethylene  and  nitrogen  and  included  direct  fuel 
modulation.  The  design  was  a  direct  scale-up  of  the 
47  kW  unit  and  resulted  in  a  67  mm  jet  diameter 


with  the  jet  issuing  at  30  m/s  into  a  584  mm  com¬ 
bustor  diameter  of  1000  mm  length. 

510  kW  System 

At  the  510  kW  scale,  the  introduction  of  hot  py¬ 
rolysis  gases  as  fuel  required  a  significant  increase  in 
the  dimensions  of  the  plenae  and  channels  used  to 
convey  the  fuel  in  order  to  avoid  excessive  pressure 
drop  and  to  maintain  velocity  matching  between  the 
fuel  and  air  [16],  Details  of  this  new  geometry  are 
illustrated  in  Fig.  3.  The  combustion  chamber  was 
356  mm  diameter  and  1067  mm  long,  with  a  gas 
residence  time  of  86  ms. 

Nominal  700  kW  System 

Tests  at  the  510  kW  scale  showed  excessive  pres¬ 
sure  drop  through  the  fuel  plenae.  As  a  result,  the 
700  kW  burner  (Fig.  4)  was  equipped  with  ejectors 
using  tapered  eliptic  nozzles  [17]  to  entrain  pyrolysis 
products  into  the  combustion  zone.  The  burner  air 
jet  velocity  was  35  m/s  with  an  81.8  mm  diameter 
nozzle.  The  combustion  chamber  was  345  mm  di¬ 
ameter  and  1370  mm  length,  with  an  average  resi¬ 
dence  time  of  68  ms  at  the  gas  sampling  location. 

Results 

The  4.75  kW  burner  was  initially  tested  using  eth¬ 
ylene  fuel  with  benzene  added  at  7  vol  %  to  act  as 
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Fig.  4.  Illustration  of  the  700  IcW  burner  designed  for 
afterburner  operation.  The  burner  employs  entrained  fuel 
injection  through  12  mm  diameter  fuel  injector  jets  that 
are  located  around  the  forced  central  air  jet.  The  fuel  inlets 
are  equipped  with  ejector  air  to  aid  pumping  of  fuel  to 
reduce  pressure  drop. 


Fig.  5.  Destruction  efficiency  of  spiked  benzene  in  cold 
fuel  tests  on  the  4.75, 47,  and  330  kW  burners.  Actual  firing 
rates  during  these  tests  were  4.75,  35,  and  280  kW. 


an  indicator  of  combustion  efficiency.  The  47  and 
330  kW  burners  were  tested  using  a  simulated  me- 
dium-Btu  gas  consisting  of  nitrogen  blended  with 
ethylene  and  benzene.  Fig.  5  shows  how  benzene 
destruction  and  removal  efficiency  (DRE)  varied 
with  burner  scale  and  with  and  without  acoustic  forc¬ 
ing.  At  the  4.75  kW  scale,  DRE  improved  from 
99.75%  to  99.995%  due  to  acoustic  forcing.  This  lab¬ 
oratory  burner  was  fired  into  a  relatively  large  cham¬ 
ber  providing  0.5  s  of  gas  residence  time. 

The  47  kW  burner  fired  into  a  chamber  that  pro¬ 
vided  only  around  150  ms  of  gas  residence  time.  De¬ 
spite  the  reduced  residence  time,  the  benzene  DRE 
reached  99.994%  with  acoustic  forcing  compared  to 
only  99%  without.  Measurements  also  showed  that 
carbon  monoxide  emission  dropped  from  800  ppm 


Central  Air  Forcing  Volts 

Fig.  6.  CO  concentrations  for  the  47  kW  burner  at  vary¬ 
ing  central  air  forcing  power  levels.  A  voltage  level  of  7  V 
corresponds  to  a  forcing  power  of  only  .5  W. 


Fig.  7.  In-chamber  CO  levels  at  varying  equivalence  ra¬ 
tio  for  forced  and  unforced  operation  of  the  330  kW 
burner.  The  fuel  consisted  of  34%  ethylene  and  66%  nitro¬ 
gen  mixture,  and  in  noted  cases  (C6H6)  benzene  was  spiked 
at  7%  by  weight. 

to  below  20  ppm  as  forcing  power  was  increased 
from  0  to  7  V  (Fig.  6). 

The  330  kW  burner  design  resembled  the  smaller 
burners  in  every  aspect  from  knife-edged  injector 
slots  to  an  acoustically  forced  fuel  stream.  The  per¬ 
formance  of  the  330  kW  burner  was  similarly  im¬ 
pressive.  CO  emissions  were  optimized  below  20 
ppm  and  benzene  destruction  of  99.998%  was 
achieved  with  acoustic  forcing.  At  an  equivalence  ra¬ 
tio  of  0.67,  acoustic  forcing  (Fig.  7)  reduced  CO 
emissions  from  over  200  ppm  to  below  20  ppm. 
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Fig.  8.  The  510  kW  burner  in-chamber  CO  levels  at 
varying  acoustic  forcing  frequencies. 


TABLE  2 

Operational  parameters  for  the  700  kW  burner  firing 
on  hot  simulated  pyrolysis  gas 


Turndown  (%) 

66 

100 

133 

Jet  air  flow  (m3/h) 

333 

500 

666 

Jet  diameter  (mm) 

81.8 

81.8 

81.8 

Jet  velocity  (m/s) 

30 

45 

60 

Frequency  (Hz) 

240 

240 

240 

Strouhal  no. 

0.66 

0.44 

0.033 

Actual  exponential 

scaling  factors: 

for  diameter3 

"  0.272 

0.251 

0.238 

for  velocity11 

0.456 

0.498 

0.525 

Note:  A  factor  of  two  overall  turndown  did  not  affect 
combustion  stability.  This  is  partially  explained  by  the  scal¬ 
ing  factor  for  jet  diameter  and  velocity,  which  change  rela¬ 
tively  little  over  the  entire  turndown  range. 

“The  selected  scaling  criteria  exponential  factor  is  0.25. 

bThe  selected  scaling  criteria  exponential  factor  is  0.50. 

The  natural  destruction  of  benzene  is  seen  to  in¬ 
crease  in  these  tests.  This  results  from  thermal  feed¬ 
back  from  the  surroundings  and  increasing  optical 
density  of  the  reacting  gas  mixture.  The  effects  of 
acoustics,  while  still  significant  at  larger  scales,  ap¬ 
pear  to  be  diminished  because  of  natural  turbu¬ 
lence-driven  mixing,  which  resists  the  effects  of  the 
acoustics. 

At  the  510  kW  scale,  it  was  not  possible  to  acous¬ 
tically  force  the  hot  pyrolysis  gas  fuel  stream  due  to 
temperature  limitations  on  the  acoustic  drivers.  Nor 
could  we  spike  the  hot  fuel  stream  with  benzene. 
Indicators  of  performance  then  centered  on  CO 


Elapsed  Time,  min. 

Fig.  9.  Demonstrated  emission  performance  of  the  700 
kW  burner  operating  on  pyrolyzed  solid  waste  and  auxiliary 
fuel  from  a  commercial  marine  incinerator. 

emissions.  The  hot  pyrolysis  gas  produced  by  partial 
oxidation  of  ethylene  in  a  precombustor  was  deliv¬ 
ered  to  the  burner  at  375  °C.  As  a  result,  the  com¬ 
bustion  chamber  was  significantly  hotter  than  in  the 
smaller  scale  tests,  leading  to  higher  CO  concentra¬ 
tions  that  did  not  fall  below  60  ppm.  The  impact  of 
forcing  frequency  and  of  forced  and  unforced  opera¬ 
tions  is  illustrated  in  Fig.  8.  Under  unforced  opera¬ 
tion  (/  =  0),  the  CO  levels  sampled  86  ms  down¬ 
stream  of  the  burner  were  approximately  300  ppm. 
At  the  preferred  mode  frequency  of  220  Hz  CO  lev¬ 
els  were  reduced  to  70  ppm  and  unburned  hydro¬ 
carbon  concentrations  were  at  the  detection  limit  of 
1  ppm. 

The  700  kW  burner  was  bench  tested  using  sim¬ 
ulated  hot  pyrolysis  gas  produced  by  burning  ethyl¬ 
ene  under  air-starved  conditions.  The  burner  oper¬ 
ated  with  stable  vortex  combustion  over  varying 
central  airflow  rates  corresponding  to  air  jet  veloci¬ 
ties  of  30,  45,  and  60  m/s  and  scales  of  125,  188,  and 
250  times  the  4.75  kW  burner.  These  operating  con¬ 
ditions  are  presented  in  Table  2.  The  700  kW  burner 
would  not  operate  without  acoustic  forcing  of  the 
central  air  jet. 

The  burner  was  fitted  to  the  exhaust  of  a  com¬ 
mercial  waste  incinerator  to  test  its  ability  to  operate 
under  conditions  of  changing  fuel  flow  rate  and  com¬ 
position.  The  incinerator  was  fueled  with  a  surrogate 
municipal  solid  waste  consisting  of  plastic  pellets  and 
green  waste.  Emissions  of  CO  and  hydrocarbons 
during  these  tests  are  illustrated  in  Fig.  9.  Arrows  on 
the  figure  indicate  when  solid  waste  was  fed  to  the 
incinerator.  The  burner  equivalence  ratio  varied 
from  0.53  to  0.86,  corresponding  to  variations  in  py¬ 
rolysis  gas  production.  Despite  these  variations,  av¬ 
erage  CO  emissions  were  8.5  ppm,  unburned  hy¬ 
drocarbons  were  at  the  detection  limit  of  2  ppm,  and 
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NO  was  below  100  ppm,  all  as  measured  200  ms 
downstream  of  the  burner.  Also,  while  the  waste  py¬ 
rolysis  gas  contained  a  heavy  soot  loading,  there  were 
no  visible  soot  emissions  from  the  afterburner,  and 
a  filter  in  the  gas  sampling  line  showed  no  evidence 
of  soot  after  30  min  of  sample  collection. 

Discussion 

An  acoustically  stabilized  vortex  burner  was  suc¬ 
cessfully  scaled  up  from  a  4.75  kW  laboratory  ex¬ 
periment  to  a  700  kW  scale  device  used  as  an  after¬ 
burner  for  a  starved-air  waste  pyrolysis  unit.  Scaling 
was  based  on  criteria  described  in  equations  8,  9, 
and  10,  in  which  central  air  jet  velocity  and  jet  area 
increase  equally  with  burner  scale  factor  S.  At 
smaller  scales  where  the  burner  concept  was  devel¬ 
oped,  exceptional  emissions  performance  was  ob¬ 
tained  by  acoustically  forcing  both  the  central  com¬ 
bustion  air  jet  and  the  fuel  stream.  At  the  larger  510 
and  700  kW  scales,  use  of  hot  pyrolysis  gases  as  fuel 
precluded  acoustically  forcing  the  fuel  stream.  As  a 
result,  acoustic  forcing  did  not  provide  the  same  im¬ 
provements  in  performance  seen  at  smaller  scales. 
Nevertheless,  the  final  full-scale  burner  design  did 
operate  stably  during  fluctuations  in  pyrolysis  gas 
feed  rate  and  composition  with  low  emissions  of  CO, 
NO,  and  hydrocarbons. 
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COMMENTS 


Friedrich  Dinkelacker,  University  of  Erlangen,  Ger¬ 
many.  For  practical  applications,  is  the  sound  emission  to 
the  environment  a  real  problem  for  these  kind  of  combus¬ 
tors? 


Author’s  Reply.  The  insulation  around  a  practical  system 
would  deaden  the  sound  to  some  degree,  but  this  system 
is  an  ideal  candidate  for  active  sound  cancellation.  The 
driving  signal  is  known,  so  an  out-of-phase  “anti-sound” 
signal  could  be  generated  that  would  greatly  reduce  acous¬ 
tic  emissions.  However,  in  the  industrial  full-scale  test  en¬ 


vironment  the  acoustics  of  the  non-insulated  actively  con¬ 
trolled  afterburner  was  actually  minor  compared  to  other 
industrial  noises  from  compressors,  pumps,  and  so  on. 


I.  Classman,  Princeton  University,  USA.  I  would  assume 
that  the  visible  flame  height  did  not  vary  with  increases  in 
the  prime  fuel  jet  velocity.  Is  that  so?  If  so,  your  flame  is 
simply  controlled  by  simple  turbulent  jet  mixing  and  the 
height  would  be  about  6  primary  jet  air  port  diameters. 
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Author’s  Reply.  It  is  important  to  note  that,  unlike  the 
turbulent  jet  flame,  the  main  jet  in  this  case  is  air,  not  fuel, 
and  so  the  two  cases  are  not  entirely  analogous.  Examining 
equation  1 ,  which  describes  vortex  shedding  frequency,  and 
equation  3,  which  describes  entrainment,  it  would  be  con¬ 
cluded  that  the  flame  length  should  not  increase  with  cen¬ 
tral  air  jet  velocity,  much  as  in  the  case  of  the  turbulent  jet 
flame.  However,  prior  analysis  of  this  system  [Ref.  9  in 
paper]  showed  that  the  mechanism  for  mixing  of  the  fuel 
stream,  air,  and  recirculated  combustion  products  is  dis¬ 
tinctly  different  from  that  of  a  jet  diffusion  flame.  First  of 


all  flame  sheet,  or  flamelet  combustion,  is  not  apparent. 
Secondly,  strain-delayed  ignition  is  very  important  and 
seems  to  dominate  mixing.  That  being  said,  the  visible 
flame  height  was  not  strongly  controlled  by  the  central  air 
jet  velocity,  but  was  controlled  by  the  actively  driven  vor- 
ticity  of  the  central  air  jet:  without  the  acoustic  forcing  the 
flame  is  yellow  and  long,  with  it  the  flame  is  blue  and  short. 
The  fuel  stream  velocity  is  secondary:  it  needed  to  be  near 
the  central  air  jet  velocity  to  get  the  best  mixing  and  per¬ 
formance.  Lower  fuel  stream  velocities  (via  larger  area)  led 
to  reduced  entrainment  into  the  acoustically  driven  vortex 
and  reduced  performance. 


